Theoretical calculations of mass attenuation coefficients, partial interactions, atomic cross-section, and effective atomic numbers of PbO-based silicate, borate, and phosphate glass systems have been investigated at 662 keV. PbO-based silicate glass has been found with the highest total mass attenuation coefficient and then phosphate and borate glasses, respectively. Compton scattering has been the dominate interaction contributed to the different total attenuation coefficients in each of the glass matrices. The silicate and phosphate glass systems are more appropriate choices as lead-based radiation shielding glass than the borate glass system. Moreover, comparison of results has shown that the glasses possess better shielding properties than standard shielding concretes, suggesting a smaller size requirement in addition to transparency in the visible region.
Introduction
The interaction of high-energy photons with matter is important in radiation medicine and biology, nuclear engineering, and space technology. Glass has double functions of being transparent to visible light and absorbing gamma rays and neutrons, thus, providing a radiation shielding for observers or experimenters. It may also be mentioned that verifications are an interesting option for long-term storage of radioactive waste products [1] .
Nowadays, the existing dense silicate flints and their radiation-resistant analogs are characterized by an insufficiently high radiation-optical resistance, a yellowness as a result of a low transmission in the blue and near-UV spectral ranges, high melting temperatures, and a low optical homogeneity due to the corrosive interaction of melts with refractory used for fabricating crucibles and other units of production accessories of a melting facility. This limits the possibility of using radiation-resistant silicate flints for manufacturing radiation-shielding viewing windows for so-called "hot" chambers, medical or industrial radiation facilities, and nuclear and chemical reconnaissance vehicles. Although the existing dense silicate flints have long been manufactured on a commercial scale, it was necessary to design the composition of a new glass that should be transparent over a wider spectral range and have radiation-optical resistance and radiation-shielding properties, at least, no worse than similar characteristics of the existing silicate flints [2] .
During the last two decades, borate and phosphate glasses have been investigated extensively, yet there is still a great interest in developing new glasses suited for the demands of both industry and technology. Borate glasses have the promising application for the metal-ceramic seals for their lowing melting temperature and high thermal expansion coefficient matching with that of metals. In such applications, it is found that the glass does not bond directly to the metal but to an oxide that is conventionally formed by a thermal treatment on the metal prior to bonding. The resulting oxide acts as a bonding agent in that it is bonded to the underlying metal and the glass material [3] . In any case, phosphate glasses have low glass transition temperatures, low optical dispersions, and relatively high thermal expansion coefficients [4, 5] . Furthermore, the poor chemical durability, high hygroscopic, and volatile nature of phosphate glasses prevented them from replacing the conventional glasses in a wide range of technological applications. These properties make them useful candidates for fast ion conducting material, biomedical application, and biocompatible materials, such as bone regeneration application [6] and shielding materials [7] . However, the reports of phosphate glass in radiation shielding glass are very limited. Arbuzov and Fyodorov [7] studied optical, spectral, and radiation shielding properties of high lead phosphate glasses.
Good reviews on radiation shielding glass development have been published recently by several authors for several glass matrices, silicate glass [8] , borate glass [9] [10] [11] , and phosphate glass [2, 7] . In this work, we have calculated the mass attenuation coefficients, the partial interaction, and the effective atomic numbers of silicate, borate, and phosphate glass containing PbO at 662 keV, using WinXCom software. The comparisons of radiation shielding properties between glass matrices are also discussed. The glass formulas in this study are PbO : (100 − )SiO 2 , PbO : (100 − )B 2 O 3 , and PbO : (100 − )P 2 O 5 , where is varied from 30 to 70% by weight.
Theory and Method
In this section, we summarize theoretical relations used in the present work. The total probability for interaction , called the total linear ( ) attenuation coefficient, is equal to the sum of the partial probabilities [12] :
where , , and are the probability for photoelectric absorption, Compton scattering, and pair production, respectively, and can be derived from the following formula [12] :
in which is a constant coefficient, independent of and . Parameters and are constants with values between 3 and 5 depending on gamma energy.
is atomic density and is atomic number. Although the coherent scattering can appear, but it has very tiny influence at high energy. Theoretical values of the mass attenuation coefficients ( ) of mixture or compound have been calculated by WinXCom, based on the mixture rule [13] . Thus WinXCom can generate cross-section or attenuation coefficients of element, mixture, and compound on a standard energy grid, spaced approximately logarithmically, on a grid specified by the user, or for a mix of both grids. The program provides total cross-sections and attenuation coefficients as well as partial cross-section for incoherent and coherent scattering, photoelectric absorption, and pair production. For compound, the quantities calculated are partial and total mass attenuation coefficients. Total attenuation coefficients without the contribution from coherent scattering are also given, since they are often used in gammarays transport calculation [15] .
Results and Discussion
The total mass attenuation coefficients of the three PbO containing glass systems are shown in Table 1 . From the table, the total mass attenuation coefficients of PbO-based silicate glass are higher than in phosphate and borate glasses, respectively, showing that photons are more attenuated in silicate glass than the other two glasses. It was found that the total mass attenuation coefficients were increased with increasing PbO concentration in all glass systems as shown in Table 2 . This is due to increasing of interactions via photoelectric absorption in glass samples. The increasing rate and values of photoelectric absorption in all glass systems are comparable and proportional with PbO content.
The variation of Compton scattering with PbO concentration in all glass systems is shown in Figure 1 ; the Compton scattering decreases with increasing PbO concentration. The decreasing rates of Compton interaction in all glass systems are comparable. The Compton scattering in silicate glass shows the highest in value and then phosphate and borate glass, respectively, reflecting that photons are better scattered in silicate glass at this energy. Moreover, Table 2 shows that in all the glass systems, Compton scattering is a dominate interaction process in this work. These results are explained with total mass attenuation values. While the coherent scattering has only weak effect on the total mass attenuation coefficients for all glass systems, the pair production interaction does not occur because the energy is lower than 1.02 MeV. This work has been in good agreement with experimental works by Kirdsiri et al. [16] , Singh et al. [11] , and Singh et al. [8] in the case of lead borate, bismuth borate, and lead silicate glass systems, respectively. All of partial interaction data are shown in Table 2 along with their PbO concentrations.
Cross-Sections and Effective Atomic Numbers.
In this section, the total atomic cross-section, , , can be expressed as
where is the fractional abundance of element with respect to number of atoms, is the atomic weight of element , and is the Avogadro constant. Similarly to the total electronic cross-section, , , is expressed by the following formula:
The total atomic and electronic cross-sections are related to the effective atomic number, eff , through the following relation:
The atomic cross-section and the effective atomic number of the glasses are shown in Table 3 . The results show that the effective atomic numbers were increased with increasing of PbO concentration in all glass systems. It is due to the increasing of photoelectric absorption; as with theoretical approach, the photoelectric absorption depends on atomic number while on the other hand the Compton scattering tends to depend on density [17] . The effective atomic numbers of borate glass are lower than silicate and phosphate glass, respectively; as shown in Figure 2 , this is due to lower atomic cross-section as shown in Table 3 . The results are supported by experimental data from Kirdsiri et al. [16] . Figure 3 shows the comparison of mass attenuation coefficients between the glass systems and two concrete systems (ordinary concrete and barite concrete) [10] . It has been observed that all glass systems can obtain better shielding properties than the two concretes for all PbO concentrations, reflecting that the PbO containing glasses can be very useful as radiation shielding materials. Furthermore, the results suggested that silicate and phosphate glass systems are more appropriate than borate glass system as lead-based radiation shielding glass.
Conclusion
In this work, the mass attenuation coefficients, partial interactions, atomic cross-section, and the effective atomic numbers of silicate, borate, and phosphate glass systems containing PbO have been investigated. It has been found that silicate and phosphate glass systems are more appropriate than borate glass system in the case of lead-based radiation shielding glass. However, each glass system may be used depending on the intended application and experimental rechecks which are vital. Our results showed that the glasses are potential candidates for gamma-rays shielding materials. They exhibited with better values of shielding properties in comparison with some standard shielding concretes. This suggested a smaller size requirement in addition to transparency in the visible region.
Further investigations on the photon absorption in the glass materials are in progress, especially on other theoretical Science and Technology of Nuclear Installations 5 treatments such as X-ray form factor, attenuation, and scattering table (FFAST) [18, 19] to establish uncertainties estimation for better reliability of the results.
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